Thin film silicon solar cells are attractive for photovoltaics; however, the poor charge transport in this material requires that the devices are thinner than the absorption length. Adequate absorption can nevertheless be achieved by light scattering at textured interfaces because light can get trapped inside the absorber layer if it is scattered into angles above the critical angle of total internal reflection. This situation can be identified with the propagation of a guided mode in a waveguide where silicon plays the role of the high index guiding medium and the interface texture serves to couple the incident light to modes via grating coupling. We present an experimental realization of a solar cell structure on a line grating where the enhanced photocurrent can be clearly related to resonant excitation of waveguide modes.
INTRODUCTION
Thin film silicon is an interesting option for low cost solar energy production because its manufacturing technology is well mastered and it is an abundant material. Its most fundamental limitation against large scale production is related to its poor electronic quality compared to its crystalline counterpart. Poor charge transport poses several fundamental limitations on the device design. For example, the absorber layer thickness is normally much smaller than the absorption length, particularly for light with energy close to the band gap [1]; therefore, state-of-the-art devices require additional elements that enhance the absorption within the absorber layer. The earliest, and so far experimentally most successful approach employs light scattering at textured interfaces [2] . Light that is scattered beyond the critical angle for total internal reflection is thus trapped into the absorber film. Obviously, the condition of total internal reflection is not perfect in the presence of interface texture; light trapping is therefore an equilibrium between in-coupling which results in the desired absorption enhancement in the silicon film, and the undesired out-coupling.
In the terminology of the optics community, the silicon absorber layer can be identified with the high index guiding medium, the metal film at the back that serves as reflector and electric contact translates to the cladding, and the interface texture establishes the grating coupling between the external radiation field and eigen-modes of the multilayer stack. Different from standard waveguides, typical dimensions of a solar cell are likely to support multiple modes, the guiding medium is absorbing and the requirement of broad-band coupling means a spectral range between 600 and 750 nm for amorphous solar cells and an even larger range from 700 to 1000 nm for microcrystalline solar cells.
In this contribution, we describe an amorphous solar cell as planar waveguide and discuss the main features of the dispersion relation, using realistic thicknesses for all component films and including the dispersion of the respective refractive indices. The theoretical simplification of flat interfaces is checked by measuring resonant absorption enhancement in the external quantum efficiency of a solar cell on a line grating. Thanks to the one-dimensionality of the grating, polarization phenomena are distinguished.
EXPERIMENTAL
We used a commercially available grating with a period of 560 nm and blazed shape (Thorlabs, GR18). In order to be compatible with the subsequent fabrication steps, the grating was replicated on glass substrates, using a UV-curable lacquer [3] . The cross section in Figure 1 shows a peak-to-valley depth of 140 nm and a saw-tooth with slightly rounded tip. A. The grating was covered with a back reflector consisting of a sputtered double layer of silver (120 nm) and zinc-oxide (60 nm). The silicon film is grown in an n-i-p sequence with a total thickness of 200 nm and the front contact consists of ITO (In 2 O 3 -SnO 2 ) with a thickness of 65 nm which serves as anti-reflection coating [4] . The polarization resolved external quantum efficiency (EQE) was measured under perpendicular incidence with a broad-band wire polarizer (ProFlux, Moxtek). Figure 1 illustrates the coordinate system; in s-polarization, the E-field of is parallel to the y-axis, in p-polarization the E-field is contained in the x-z plane. The EQE is the probability of creating and collecting an electron-hole pair per incident photon at a specific wavelength in the illumination spectrum.
THEORY
Eigen-modes of a multilayer system are easily found with the pole method [5] . Based on the assumption that a resonance corresponds to a singularity of the system, the pole method simply looks for zeros in the denominator of the Fresnel coefficient. Fresnel coefficients of multilayer stacks are defined recursively, starting from the coefficients for the interface between two component media i and j. For s-and p-polarization they are defined as follwos: The first and the last layers of the stack assumed to be semi-infinite, the propagation constants S i are defined for every individual layer i in terms of the complex dielectric constant ε i and k 0 =2π/λ, the modulus of the wave vector in air:
For more than two layers, Fresnel coefficients are defined via the single interface coefficients of eq. (1), using coherent propagation across the film thicknesses d i : (1) to (3) were used to determine the dispersion relation for a solar cell stack using five layers [6] ; the silver layer is assumed semi-infinite and we considered a 60 nm thick ZnO buffer layer, a 200 nm thick amorphous silicon film, a 65 nm thick ITO front contact and an air space above. Before discussing the dispersion relation of the solar cell stack, we would like to point out a few general aspects of dispersion diagrams like the one shown in Figure 2 . Propagation of light in an unbounded medium corresponds to straight lines according to the dispersion relation of photons which is given by ω(k) = (ck)/n. In Figure 2 , the lines are not exactly straight because of the refractive index dispersion. Guided modes can be defined approximately by requiring nodes at the boundaries of the guiding medium; in case of the fundamental or zero-order mode, half of the wavelength can be fit into the thickness of the high-index layer. Likewise, higher order modes can be defined by fitting integer multiples. This definition explains the cut-off condition because modes with wavelengths larger than twice the guiding film thickness cannot be guided. Figure 2 shows the guided mode structure of the solar cell stack. The left and right panels correspond to s-and p-polarization, respectively, and their backgrounds show contour-plots of the squared modulus of the denominator of r 1…5 . Dark shades correspond to values close to zero. The symbols represent numeric solutions. The cut-off condition of the zero-order mode (squares) is not observed, but with increasing energy first order (circles), second order (up-triangles) and third order (down-triangles) modes appear alternatingly in the two polarization directions. At their onset, all modes lie close to the light line of air. This observation is explained by the dielectric nature of the ITO front contact; compared to the silver back contact, the confinement at the front of the device is relatively weak. At their onset, the modes resemble standing waves in z-direction rather than guided modes in x-direction. With increasing energy, all modes approach the light line of amorphous silicon. 
The region towards the left of the air-line represents a continuum of radiation modes. The radiation modes are straight lines that emerge from the origin, their slope is related to their angle of incidence with respect to the average cell surface. The shown light line of air represents grazing incidence, the light line of perpendicular incidence coincides with the vertical energy axis. Note that none of the continuum modes intersects with the guided modes, conservation of energy and momentum forbids an interaction of radiation modes with Eigen-modes. Darker shades in the contourplot reveal nevertheless that a certain amount of resonant behaviour does exist in this region because of multiple reflections into angles below the critical angle. Interactions between the radiation modes and guided modes can be established by grating coupling. In the presence of a periodic interface texture, every light line that emerges from the origin can pick up multiples of the reciprocal lattice vector that translates it into the centre of higher order Brillouin zones.
ABSORPTION ENHANCEMENT IN SOLAR CELLS BY GRATING COUPLING
The excitation of guided modes by grating coupling was investigated by manufacturing a complete solar cell on a grating with period of 560 nm. Figure 3 shows the polarization resolved EQE of the weakly absorbing region; in addition to the Fabri-Perot interferences that are also observed on flat cells, the external quantum efficiency shows clearly resolved resonances [7] . The energies of the resonances are transferred to Figure 4 which shows the weakly absorbing region of Figure 2 . Positions of the resonances are tentatively assigned by arrows; in s-polarization, the coupling at 1.63 eV is most likely to the s1 mode in the third Brillouin zone, the resonance at 1.81 eV can be attributed to the s0 mode in the fourth Brillouin zone. In p-polarization, coupling at 1.91 eV involves the p2 mode in the third Brillouin zone, whereas the coupling at 1.79 eV is likely to be with the p0 mode in the fourth Brillouin zone. We note that the energies of the dispersion diagram of Figure 4 would suggest that the scoupling in the fourth Brillouin zone occurs at lower energy than the p-coupling. This discrepancy can possibly be explained by the fact that the theoretical dispersion diagram was determined on the basis of flat interfaces but did not take into account the true nature of the interface texture. 
FIELD DISTRIBUTION
In order to assess the amount of absorption enhancement, the amplitude of the electromagnetic field throughout the structure must be known. Figure 5 shows the s-polarized field intensity for the wavelength of the dominant resonance at 690 nm calculated with rigorous coupled wave analysis (RCWA) for the exact interface texture shown in Figure 1 [8] . For the shown 1D problem on the line grating, the required computing power is still reasonable. However, for more complicated scenarios it would be desirable to revert to analytic approximations, provided they can provide predictive power. The rather complicated field profile of the exact solution in Figure 5 can be understood by superimposing the field intensity of the s0 guided at k || = 3.43 x 10 5 cm -1 with the interference pattern of the Fabry-Perot resonance. The former shows 6 clearly resolved maxima in x-direction because this value of the wave vector accommodates three full wavelengths within the grating period, and one single maximum in z-direction because the order number zero means that there are no nodes within the guiding film. The interference pattern adds three maxima in the z-direction. The flat waveguide model can reproduce the field pattern surprisingly well; we plan to incorporate interface texture with a perturbation approach for a further improved description of the fields and also for the prediction of coupling strengths.
CONCLUSIONS
We investigated the effect of a periodic interface texture on the absorption enhancement in amorphous silicon solar cells. In the experimental part, devices with periodic interfaces were found to exhibit clearly resolved absorption signatures in the weakly absorbing region. In the theoretical part, we treated the solar cell in terms of a planar waveguide that supports multiple modes. With the help of the dispersion diagram, we were able to explain the absorption enhancement by the resonant excitation of waveguide modes and to attribute the resonances to specific mode orders.
